1.0 

& 1 2.8 

Li  SK 

L 

iia 

===== 

m 

l.l 

t Ufi 

L.i 

I™ 

- — fc. 

1 

1 18 

1.25 

If 

is 

MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  Bu*»EAu  Of  STANDARDS  - '963  * A 


^VERS'TYO* 


OUNDED 16^ 


“Reproduction  in  whole  or  in  part  is  permitted  for  any  purpose  of  the  United 
States  Government.  Research  was  supported  in  part  by  the  Office  of  Naval 
Research  under  Contract  N00014-76-C-0016.” 


Department  of  Physics  and  Astronomy 

THE  UNIVERSITY  OF  IOWA 


Iowa  City,  Iowa  52242 


U.  of  Iowa  76-8 


VLF  Emissions  Associated  with 
Enhanced  Magnet ospheric  Electrons 

by 

Roger  R.  Anderson 

Department  of  Physics  and  Astronomy 
The  University  of  Iowa 
Iowa  City,  Iowa  52242 

Kaichi  Maeda 

NASA/Goddard  Space  Flight  Center 
Greeribelt,  Maryland  20771 


February,  1976 


This  research  was  supported  in  part  by  the  National  Aeronautics  and 
Space  Administration  under  Contract  NAS5-11167  and  Grant  NGL-16-001 
043  and  the  Office  of  Naval  Research  'under  Grant  N00014-76-C-0016 . 


iiT.g.rw  rr 


SECURITY  CLASSIFICATION  of  This  ftSt  fWK«i  Dm.  Kniorod) 


READ  INSTRUCTIONS 


REPORT  DOCUMENTATION  PAGE 


BEFORE  COMPLETING  FORM 


"•  reriod  covtKco 


Er  ogre  s February , 1976 


PROGRAM  ELEMENT.  PROJECT,  TASK 


* 'H'OHMINO  ORGANIZATION  NAME  AND  ADDRESS 


AREA  6 WORK  UNIT  NUMBERS 


Department  of  Physics  and  Astronomy 
The  University  of  Iowa 


CONTROLLING  OFFICE  NAME  ANO  ADDRESS 

Office  of  Naval  Research 
Arlington,  Virginia  22217 


IS.  SECURITY  CLASS,  (el  Ui/a  r**on) 


Ti  MONITORINO  AGENCY  NAME  » ADD. 


Controlling  Office) 


different  It 


UNCLASSIFIED 


IS.  OECLASSI  El  CATION/ DOWN  GRADING 
SCHEDULE 


It.  DISTRIBUTION  STATEMENT  fol  thlm  Mopoll) 


Approved  for  public  release;  distribution  is  unlimited 


17.  DISTRIBUTION  ST  ATSMKM T (of  the  ebetroct  entered  In  Block  20.  It  different  from  Report) 


It  SU^LEMtNTARY  NOT t S 


To  be  published  in  J.  Geophys.  Res 


IS  KEY  WOROS  fConliou.  on  rormrto  tldo  II  notoooorr  «W  Idontlfr  *7  Hoc*  niw6.fi 


Enhanced  Magnetospheric  Electrons 


to  ABSTRACT  (Continue  on  tore tee  elde  It  neceeemry  end  Id^tltf  by  block  ntmtbor) 


[See  page  following] 


eoition  or  i mov  t»  it  obsolete 
S/N  0101-0  14-  «»0I  I 


SECURITY  CL  AAAI  TIC  AT  ION  OK  THIS  RAGE  fWMon  Dm.  Bnfwwf) 


ABSTRACT 


During  periods  of  geomagnetic  disturbances,  VLF  emissions  and 


enhancements  of  low  energy  electrons  are  simultaneously  observed  by 
the  equatorial  orbiting  fl^-A ^Explorer  4^/  satellite.  These  events 
are  characterized  by  the  following  features -(i)  The  VLF  emissions 


occur  outside  the  plasmasphere  in  the  nightside  of  the  magnetosphere 


(ii)  The  VLF  emissions  consist  of  two  frequency  regimes,  one  below 

sufc-q  j 

the  local  electron  gyrofrequency . f ,,  and  the  other  above  f v 

if* 

/ \ M iuc-3 

(iii;  The  VLF  emissions  below  f are  relatively  broadband  whistler- 


mode waves  characteristic  of  chorus  and  frequently  have  a conspicuous 

i , 

band  of  •''missing  emissions'**  near  f ,/2.  (iv)  The  emissions  above  f , ^ y c " 

p sub-g  V 0 

are  electrostatic  and  typically  have  components  near  Jf  ./2/1  Occasionally 


higher  frequency  components  are  also  observed 


emissions  coincides  with  abrupt  increases  outside  the  plasmasphere 
greater  tka* 

(L  ^ It)  in  1 - 10  keV  electrons  to  intensities  of  the  order  of  10 


fliver 


Less  pronounced  enhancements  sometimes 


occur  for  electrons  with  energies  as  high  as  70  keV 


cessation  of  the  emissions  coincides  with  a drop  in  the  electron 


intensities  to  their  pre-enhancement  levels  which  are  of  the  order 
La  Ibe  pcvv*/ 

of  !</'  electrons/cm^/iec^/^ter'^keV"’**  or  less.  This  drop  in  low 
energy  electron  intensities  occurs  before  or  when  the  satellite  crosses 


the  plasmapause  back  into  the  plasmasphere.  These  observed  features 


indicate  that  the  VLF  emissions  are  produced  by  low  energy 


10  keV)  electrons  which  penetrate  into  the  dusk-midnight  sector 


of  the  magnetosphere  from  the  geomagnetic  tail  during  magnetic  storms 
and  substorms  and  drift  eastwards  outside  the  plasmasphere.  In  this 


events  observed  during  geomagnetic ally  disturbed  periods  in 


December,  1971,  and  January,  197: 


I . INTRODUCTION 


The  first  high  altitude  satellite  VLF  experiment  (0G0  l) 


indicated  that  the  source  of  whistler -mode  emissions  in  the  magneto 


sphere  lies  close  to  the  equatorial  plane  [Dunckel  and  Helliwell,  1969] 


The  equatorial  enhancement  of  whistler -mode  wave  emissions  has  also 


been  shown  by  Tsurutani  and  Smith  [197^1  by  investigating  the  ELF 


data  obtained  by  090  5-  These  investigations  were,  however 


imited 


only  to  wave  data.  In  this  study,  data  from  both  the  plasma  wave 


orbiting  S -A  satellite  are  used  to  examine  wave-particle  interactions 


in  the  magnetosphere.  The  orbit  of  S -A  (initial  apogee  is  5 R, 


perigee  is  222  km,  inclination  is  3-6  and  orbital  period  is  7 hr.  U9 


min.)  plus  an  extensive  set  of  field  and  particle  experiments  make  the 


satellite  particularly  favorable  for  studies  of  '.rave-particle  inter 
actions  in  the  magnetosphere  [Longanecker  and  Hoffman,  19731*  The 
plasma  wave  experiment  instrumentation  consists  of  a l6-channel 


spectrum  analyzer  which  covers  the  frequency  range  from  35  Hz  tc 


190  kHz  and  a wideband  AGO  receiver  with  a bandpass  from  100  Hz  to 


10  kHz  [Anderson  and  Gurnett,  1973]*  Both  units  are  connected  to  a 
5.08  meter  tip-to-tip  electric  dipole  antenna.  The  electron  detection 


instrumentation  used  in  this  analysis  consists  of  a cylindrical  elec 


trostatic  analyzer-channel  electron  multiplier  system  measuring  mean 


5 


energies  from  1.2  keV  to  26  keV  in  eight  energy  intervals  [Longanecker 
and  Hoffman,  1973]  and  a solid  state  detector  with  four  levels  having 
mean  energies  from  55  keV  to  1+00  keV  [Williams  et  al.,  1971+].  Supple- 
mentary data  from  the  flux  gate  and  search  coil  magnetometer  experi- 
ments and  the  static  electric  field  experiment  are  also  used. 

Plasma  waves  in  the  magnetosphere,  their  character  1-tics  and 

occurrence  as  a function  of  location  and  geomagnetic  activity  and  their 

interactions  with  energetic  particles  have  been  extensively  studied 

by  past  experiments.  First  we  shall  briefly  review  past  investigations 

of  chorus  and  electrostatic  (f  > f J emissions,  the  two  types  of  emissions 

with  which  this  study  is  most  concerned.  Chorus  is  an  electromagnetic 

emission  with  f < f that  consists  of  many  randomly  occurring  discrete 
& 

tones  lasting  a few  tenths  of  a second  that  either  rise  or  fall  in 
frequency.  In  a morphological  survey  of  VLF  emissions  observed  with 
the  low  altitude  Injun  3 satellite,  Taylor  and  Gurnett  [1968]  found  that 
for  VLF  emissions  (primarily  ELF  hiss,  chorus  and  VLF  hiss)  the  region 
of  most  intense  emissions  moved  to  lower  latitudes  (which  correspond 
to  lower  L-shells  at  the  equator)  during  geomagnetically  disturbed 
times.  The  Injun  3 VLF  experiment  used  a magnetic  loop  antenna  as  a 
sensor.  Similar  results  were  obtained  by  Barrington  et  al.  [l9?l]  using 
Alouette  2 data.  The  Alouette  2 data  was  obtained  using  an  electric 
dipole  antenna  as  a sensor.  Taylor  and  Gurnett  [1968]  also  found  that 
often  chorus  was  confined  to  lower  latitudes  than  ELF  hiss.  Russell 
et  al.  [1969]  conducted  a morphological  study  of  ELF  noise  using  data 
from  the  search  coil  magnetometer  experiment  on  0G0  3*  They  concluded 


that  the  source  of  burst-like  noise  was  near  the  equator.  Burtis  and 
Helliwell  [1969]  reported  observations  of  banded  chorus  in  data  from 
experiments  using  magnetic  loop  antennas  on  0G0  1 and  0G0  3*  Banded 
chorus  is  chorus  that  occurs  in  well  defined  frequency  bands.  The 
banded  chorus  was  usually  observed  at  L shells  of  4 or  greater  which 
suggested  that  the  noise  was  observed  primarily  outside  the  plasma- 
sphere.  Occurrence  of  the  banded  chorus  was  positively  correlated  with 
magnetic  activity.  In  a companion  study  of  magnet ospheric  whistler- 
mode emissions  with  the  0G0  1 satellite  Dunckel  and  Helliwell  [1969] 
found  that  the  upper -frequency  limit  of  most  of  the  observed  emissions 
was  proportional  to  the  minimum  electron  gyrofrequency  along  the  mag- 
netic field  line  passing  through  the  satellite.  This  was  interpreted 
to  mean  that  the  source  of  the  emissions  lies  close  to  the  equatorial 
plane.  Using  0G0  5 search  coil  magnetometer  data,  Tsurutani  and  Smith 
[1974]  studied  ELF  electromagnetic  emissions  in  the  midnight  sector 
of  the  outer  magnetosphere.  They  detected  chorus  in  conjunction  with 
magnet ospheric  substorms  throughout  the  region  from  L = 5 to  L = 9 but 
only  during  postmidnight  hours . This  chorus  occurred  most  frequently 
at  the  geomagnetic  equator  and  did  not  extend  beyond  + 15°  geomarretic 
latitude.  They  found  the  distribution  of  chorus  as  a function  of  L 
and  local  time  to  be  strikingly  similar  to  the  distribution  of  enhanced, 
trapped  and  precipitated  substorm  electrons  with  energies  > 40  keV. 

The  postmidnight  occurrence  of  the  chorus  was  attributed  to  the  eastward 
curvature  and  gradient  drift  of  the  injected  electrons. 


The  first  direct  associations  between  whistler-mode  waves  and 


energetic  particles  were  made  at  low  altitudes.  Oliven  and  Gurnett 
[1968]  observed  that  microbursts  of  E s 1+0  keV  electrons  detected  by 
the  Injun  3 satellite  were  always  accompanied  by  VLF  chorus  emissions. 
Using  high  altitude  balloons  launched  from  Siple  station,  Antarctica 
(L  = U.2)  Rosenberg  et  al.  [1971]  observed  one-to-one  correlations 
between  short  bursts  of  E > 30  keV  x-rays  and  bursts  of  VLF  emissions 
at  2.5  kHz.  The  energy  of  the  electrons  contributing  to  the  x-ray 
bursts  was  estimated  to  be  30  to  100  keV.  Burton  and  Holzer  [197*+] 
in  a study  of  chorus  in  the  outer  magnetosphere  reported  experimental 
support  for  the  necessity  of  a critical  pitch  angle  anisotropy  for 
whistler-mode  wave  generation  as  proposed  by  Kennel  and  Petschek  [1966]. 
On  an  0G0  5 pass  through  the  nightside  outer  magnetosphere.  Burton  and 
Holzer  [197*+]  observed  that  the  region  of  maximum  pitch  angle  aniso- 
tropy for  50  to  100  keV  electrons  coincided  with  the  region  of  origin 
of  chorus  as  identified  by  their  wave  normal  analysis.  Fredricks 
[1975]  reviews  some  of  the  recent  theoretical  and  experimental  research 
regarding  the  association  of  chorus  emissions  and  wave-particle  inter- 
actions in  the  outer  magnetosphere. 

Intense  magnet os pheric  electric  field  emissions  near  3f,/2 

o 

were  first  observed  by  Kennel  et  al . [1970]  on  the  0G0  5 satellite. 

These  emissions  were  localized  near  the  equator  ani  were  observed 
from  2100  to  1200  LT  for  U < L < 10.  Because  of  their  high  frequency 
and  high  electric  field  amplitudes  (typically  1-10  mV  m 1),  Kennel 
et  alt  [1970]  suggested  these  emissions  could  be  the  source  of  strong 


pitch  angle  diffusion  and  energization  of  1-10  keV  auroral  zone  elec- 
trons. Scarf  et  al.  [1973]  showed  that  enhanced  levels  for  f 3f^/2 
electric  field  emissions  were  associated  with  substorm  expansions. 

They  found  post -expansion  f ~ 3f  /2  waves  to  be  intense  enough  to 

8 

provide  strong  diffusion  for  E > 50-80  keV  electrons  and  changes  in 
the  local  pitch  angle  distributions  were  correlated  with  variations 
in  wave  amplitude  levels.  Electromagnetic  chorus  emissions  were  also 
observed  during  the  substorm  exoansion  phase,  but  they  occurred  later 

and  with  lower  wave  intensities  than  the  f ix  3f  ^2  waves.  Fredricks 

g' 

and  Scarf  [ 19731  using  a more  expanded  set  of  0G0  5 data  than  Kennel 
et  al.  [1970]  found  that  in  the  local  time  region  from  1900  to  0700  LT 
the  occurrence  of  emissions  tended  to  be  concentrated  in  the  5 ^ L ^ 7 
region.  The  emissions  were  also  found  to  occur  from  +40°  to  -50°  geo- 
magnetic latitude.  However  the  most  intense  3 f „/2  emissions  were  found 
near  the  geomagnetic  equator  and  near  local  midnight  which  is  the 
area  at  the  base  of  the  plasma  sheet.  Shaw  and  Gurnett  [1975]  have 
also  observed  (n  + l/2)f„  electrostatic  waves  in  the  outer  magnetosphere 
in  data  acquired  using  the  long  electric  dipole  antennas  on  IMP  6. 

Shaw  and  Gurnett  [1975]  suggested  that  the  electrostatic  noise  bands 
they  observed  near  the  plasmapause  were  related  to  the  upper  hybrid 
resonance  noise  observed  inside  the  plasmasphere  and  the  (n  + l/2)f 

© 

waves  observed  in  the  outer  magnetosphere. 


II.  MAGNETOS FHERIC  VLF  EMISSION  EVENTS  IN  JANUARY,  1972 


The  hourly  values  of  equatorial  Dst  [Sugiura  and  Poros,  1973] 
are  plotted  in  Figure  1 for  the  period  from  January  21  to  26,  1972. 


Three  shaded  marks  on  the  top  of  this  figure  indicate  the  duration  of 


the  VLF  emission  events  observed  by  the  S-’-A  satellite  during  this 


geomagnetically-disturbed  period  which  are  discussed  in  this  paper 


A.  Orbit  211,  January  22,  1972 


On  orbit  211,  the  satellite  exited  the  plasmasphere  at  about 


L = 4.26  and  21.9  hrs.  MLT).  The  times  of  plasmapause 


about  0903  UT 


crossings  used  in  this  paper  are  all  determined  by  the  saturation  of 


the  onboard  static  electric  field  instrument  [Maynard  and  Cauffman,  1973] 


The  VLF  emission  event  began  near  apogee,  well  outside  the  main  body  of 


the  plasmasphere.  As  shown  in  Figure  2,  a whistler -mode  emission  known 


as  chorus  was  first  observed  at  0704  UT  (L  = 5»l6  and  20.0  hrs.  MLT) 


and  continued,  although  sometimes  intermittently,  until  0831  UT  (L 


4.71,  MLT  = 21.3  hrs.).  Figure  2 is  a 0-10  kHz  spectrogram  of  the 


electric  field  wideband  data.  This  record  displays  the  sharp  band  of 


missing  emissions"  in  the  chorus  near  half  the  local  electron  gyro 


frequency 


Since  the  orbit  is  close  to  the  magnetic  equatorial 


plane,  f can  be  regarded  as  being  nearly  equal  to  the  equatorial 


electron  gyrofrequency . In  this  paper  the  values  fbr  f are  computed 


;r 
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from  the  local  magnetic  field  measured  by  the  onboard  fluxgate  magneto- 
meter [L.  J.  Cahill,  Jr.,  private  communication,  1975] • Also  evident 

in  Figure  2 are  the  VLF  emissions  above  f . A band  of  emissions  whose 

g 

frequency  range  extends  from  ~ 1.25  f to  ~ 1.50  f is  present  from 

g c 

0710  UT  to  0822  UT.  It  will  be  shown  in  cases  discussed  later  that 
these  emissions  with  frequencies  above  f are  electrostatic . 

O 

-2  -I  « 1 . 

Electron  intensities  (cm  sec  ster  keV  fcr  electrons 
with  mean  energies  from  1.2  keV  up  to  1*00  keV  are  shewn  in  Figure  3. 
in  which  directional  differential  intensities  for  pitch  angles  - O 
and  ~ 20°  are  plotted  against  UT  by  small  x’s  and  oy  close'  circles, 
respectively.  From  this  figure  we  can  see  that  the  VLF  emissions  are 
clearly  related  with  the  high  intensity  of  electrons  in  the  five  lowest 
energy  channels  observed  by  this  satellite  (1.2  keV  to  6.0  keV).  The 
onset  of  the  VLF  emissions  nearly  coincides  with  the  abrupt  increase  in 
the  1.2  keV  electron  intensities  about  0700  UT.  Both  differential 
intensities  are  enhanced  roughly  20  times  from  the  pre-enhancement 
intensity  of  10^  cm  2 sec  1 ster  1 keV  1 for  small  pitch  angle 
electrons,  and  from  5 x 10^  cm  2 sec  1 ster  1 keV  ' for  90-pitch 
angle  electrons,  respectively.  Successively  higher  energy  electrons 
display  somewhat  later  enhancements  and  lower  overall  intensities. 

At  6.0  keV,  the  intensities  for  both  20°  and  90  pitch  angles  peak 
at  3 x 10 cm-2  sec"1  ster”1  keV  1 at  about  0800  UT.  No  enhancement 
of  electron  intensities  is  observed  above  6.0  keV.  Around  0330  UT, 
the  intensities  for  all  five  enhanced  low  energy  electron  channels 
begin  dropping  rapidly  toward  their  pre-enhancement  levels.  This  drop 
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in  intensities  coincides  with  the  cessation  of  the  VLF  emissions  and 
occurs  approximately  30  minutes  before  the  satellite  re-enters  the 
plasmasphere . 

The  energy  of  electrons  in  cyclotron  resonance  with  whistler- 
mode waves  is 

f 3 

Ec  = £B  -f  (1  - — ) where 
"g 

B2 

Eg  = , the  magnetic  energy  per  particle. 

f is  the  wave  frequency,  B is  the  magnitude  of  the  static  magnetic 
field  and  N is  the  electron  number  density  [Kennel  and  Petschek,  19661. 
Between  0700  UT  and  0800  UT,  the  static  magnetic  field  remains  within 
10v  of  170y  [L.  J.  Cahill,  Jr.,  private  communication,  19751-  In  this 
time  period,  electric  field  turbulence  associated  with  the  plasma 
frequency  appears  in  the  16.5  kHz  and  31-1  kHz  channels  of  the  on-board 
spectrum  analyzer.  This  indicates  the  ambient  number  density  was  in 
the  range  of  4 to  10  electrons  cm  [Gurnett  and  Shaw,  19731*  This 
implies  that  for  whistler-mode  waves  with  f ~ f /2,  the  resonant 
energy  ranges  from  4.5  keV  to  1.8  keV.  Thus  the  energies  where  the 
electron  intensity  enhancements  occur  are  appropriate  for  the  electrons 
to  be  in  cyclotron  resonance  with  the  observed  whistler-mode  emissions. 

There  are  indications  that  near  the  beginning  of  the  emission 
event,  the  satellite  passed  through  several  very  narrow  regions  of 
plasma  with  densities  comparable  to  the  plasmasphere.  From  0658  UT 
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to  070k  UT,  0705.5  UT  to  0707.5  UT  and  0718  UT  to  0719  UT,  the  static 


electric  field  instrument  briefly  came  out  of  saturation,  indicating 

_ o 

the  local  number  density  exceeded  U0  cm  [N.  C.  Maynard,  private 
communication,  1975] • VLF  emissions  associated  with  enhanced  low 
energy  electron  intensities  were  not  present  for  these  time  periods. 
Instead,  a narrow  electromagnetic  band  of  hiss  from  200  Hz  to  500  Hz 
was  observed.  This  ELF  hiss  band  is  characteristic  of  "plasmaspheric 
hiss"  [Russell  and  Holzer,  1970;  Carpenter,  et  al. , 1969]  which  fills 
the  plasmasphere  but  is  believed  to  be  generated  just  inside  the  plas- 
mapause  [Thorne  et  al. , 1973]-  In  the  low  energy  electron  data,  the 
intensities  dropped  briefly  an  order  of  magnitude  near  0707  UT  and 
0718  UT.  A diagram  of  the  probable  configuration  of  the  evening  plas- 
masphere for  Orbit  211  is  shown  in  Figure  4.  Because  of  the  presence 
of  the  plasmaspheric  hiss  we  believe  the  high  density  cold  plasma 
encountered  around  0700  UT  could  be  a tail-like  extension  from  the  main 
body  of  the  plasmasphere.  This  narrow  high  density  region  shields  the 
region  outside  the  outbound  plasma pause  crossing  from  the  enhanced  low 
energy  electrons.  Possible  tail-like  extensions  of  the  plasmasphere 
have  been  observed  during  geomagnet ically  disturbed  times  by  Barfield 
et  al.  [1975]  and  Maynard  and  Chen  [1975]-  The  location  of  the  VLF 
emission  event  is  indicated  by  the  hatched  line. 

As  shown  in  Figure  2,  most  of  the  wave  energy  from  0738  UT  to 

0801  UT  is  concentrated  in  the  emissions  above  f which  is  ~ 1.8  kHz. 

© 

From  0740  UT  to  0750  UT  the  emissions  appear  in  the  spectrum  analyzer 

channels  up  to  16.5  kHz.  This  indicates  emissions  up  to  7fT/2.  The 

§ 
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enhancement  in  the  intensities  of  electrons  with  mean  energies  from 
2.7  keV  to  6.0  keV  begins  around  0730  UT  and  continues  until  about 
O83O  UT.  The  wave  energy  shifts  to  the  whistler-mode  emissions  near 
fg/2  at  0801  UT.  At  about  the  same  time,  as  shown  in  Figure  3,  the 
90'  pitch  angle  intensities  fcr  the  4.0  keV  electrons  drop  around  a 
half  an  order  of  magnitude.  For  the  6.0  keV  electrons  the  20°  pitch 
angle  intensities  rise  to  a level  slightly  above  90°  pitch  angle  in- 
tensities. Prior  to  this  time,  and  for  all  lower  energies,  the  20° 
pitch  angles  were  usually  a half  an  order  of  magnitude  below  the  90° 
pitch  angle  intensities.  At  the  termination  of  this  emission  event 
around  0831  UT,  the  90°  pitch  angle  intensities  for  all  energies  of 
electrons  were  greater  than  the  corresponding  20°  pitch  angle  intensi- 
ties . The  peak  chorus  amplitude  measured  during  the  period  of  the 
nearly  isotropic  pitch  angle  distributions  was  ~ 250  uV/m. 

B.  Orbit  214,  January  23,  1972 

The  VLF  emission  event  and  low  energy  electron  enhancement  for 
Orbit  214  begin  and  end  nearly  coincident  with  the  outbound  and  inbound 
bound  plasmapause  crossings.  As  determined  by  the  saturation  or  the 
on-board  static  electric  field  instrument,  the  outbound  plasmapause 
crossing  occurs  at  0424  UT  (L  = 4.17,  MLT  = 17.8  hrs.)  and  the  inbound 
crossing  is  at  0852  UT  (L  = 3«52,  MLT  = 22.5  hrs.).  A 0-10  kHz 
spectrogram  of  the  electric  field  wideband  data  from  0400  UT  to 
0849  UT  is  shown  in  Figure  5*  The  wideband  data  end  at  0849  UT  because 
that  is  when  the  special  purpose  wideband  transmitter  was  turned  off. 

At  0426  UT,  just  outside  the  plasmapause,  whistler-mode  chorus  emissions 


with  the  sharp  missing  band  at  f /2  begin.  These  emissions  are  then 
present  most  of  the  time  until  0524  UT.  They  reappear  briefly  at 


0624  UT.  From  074l  UT  until  the  end  of  the  data  at  0849  UT  they  are 


present,  although  somewhat  intermittently.  Electric  field  emissions 


above  f first  appear  in  Figure  5 at  0431  UT  and  are  evident  until 


0815  UT  when  they  disappear  because  they  are  above  the  10  kHz  upper 


frequency  cut-off  of  the  wideband  receiver.  The  electric  field  emis 


sions  above  f in  the  wideband  data  have  several  bands  which  are  each 


about  1 kHz  wide.  The  most  intense  band  appears  near  3f  /2.  At  times 


near  0700  UT 


the  lower  cut-off  of  the  emissions  is  about  4.8  kHz  and  the  measured 


local  electron  gyrofrequeney  is  4.7  kHz 


The  configuration  of  the  plasmasphere  near  the  evening  quadrant 


for  Orbit  214  is  shown  in  Figure  6.  The  hatched  lines  indicate  where 


the  VEF  emissions  are  observed.  The  plasmapause  between  the  two  orbit 


crossings  is  simply  interpolated.  The  contracted  plasmasphere  is  a 


result  of  the  geomagnetic  substorm  indicated  by  the  decreasing  values 


of  Dst  shown  in  Figure  1 


the  digital  output  frcm  the  16  channel  on 


board  spectrum  analyzer  for  the  entire  Orbit  214.  The  bottom  channel 


covers  the  frequency  range  100  Hz  to  10  kHz.  The  next  eleven  channels 


up  to  and  including  the  10  kHz  channel,  are  connected  to  narrow-band 
filtes  and  have  bandwidths  + 15%  of  their  center  frequencies.  The  top 
four  channels  have  bandwidths  + 7.5%  of  their  center  frequencies.  The 


output  of  each  channel  is  approximately  proportional  to  the  logarithm 
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of  the  measured  amplitude.  The  vertical  lines  represent  the  average 
amplitude  measured  over  64  second  intervals  of  time  and  the  dots  are 
the  peak  amplitudes  over  the  same  time  period.  The  baseline  for  each 
channel  is  about  2uV/ m and  full  scale  is  about  20  mV/m.  The  low 
frequency  signal  present  in  the  35  Hz  to  311  Hz  channels  from  about 
0300  UT  to  0423  UT  is  plasmaspheric  hiss.  It  also  appears  in  the 
wideband  spectrogram  as  the  intense  noise  band  near  the  bottom  of  the 
spectrogram.  The  abrupt  termination  of  the  plasmaspheric  hiss  at 
0423  UT  is  also  an  indication  of  the  outbound  plasmapause  crossing  and 
is  in  good  agreement  with  the  static  electric  field  plasmapause  deter- 
mination. The  narrow  noise  band  which  peaks  in  the  100  kHz  channel 
at  0420  UT  and  the  31.1  kHz  channel  at  0443  UT  is  similar  to  the 
plasma  frequency  noise  band  observed  by  Gurnett  and  Shaw  [1973]- 
In  the  inbound  portion  of  the  orbit,  this  plasma  frequency  noise  band 
peaks  in  the  31*1  kHz  channel  at  0838  UT  and  in  the  100  kHz  channel 
at  0855  UT.  As  the  upper  limit  for  the  plasma  density  set  by  the 
saturation  of  the  static  electric  field  instrument  is  60  ± 20  cm 
[N.  C.  Maynard,  private  communication,  1975lj  the  identification  of 
this  noise  band  as  the  plasma  frequency  noise  band  is  consistent  with 
the  plasmapause  crossing  determination. 

In  the  digital  data  in  Figure  7,  chorus  is  observed  from  0426 
UT  to  05?4  UT  and  from  0741  UT  to  0852  UT.  Because  of  its  impulsive 
nature,  chorus  appears  in  the  digital  data  with  peak  values  usually 
much  higher  than  their  corresponding  average  values.  The  emissions 
above  f are  observed  in  the  digital  data  from  0429  UT  to  0856  UT, 


shortly  after  the  inbound  plasmapause  crossing.  These  emissions  were 
usually  the  strongest  in  the  channel  nearest  3f  /2.  The  digital  data 


also  indicates  emissions  were  present  at  higher  half-integral  harmonics 


the  emissions  appeared  very  strong 


as  high  as  31-1  kHz  which  corresponds  to  11  f /2.  The  peak  amplitudes 
measured  in  this  time  interval  ranged  from  .3  mV/m  at  5*62  kHz  to 


The  directional  differential  intensities  of  90°  and  20°  pitch 


angle  electrons  for  Orbit  214  are  plotted  against  time  in  Figure  8 


Coincident  with  the  outbound  plasmapause  crossing  and  the  onset  of  the 


electrons  abruptly  jump  from  1.0  x 10c  cm  sec 


about  4.0  x 10 ' cm  ' sec  ’ ster  keV  at  about  0425  UT.  The  inten 


sities  for  20"  pitch  angle  electrons,  which  are  near  the  loss  cone 


are  about  a half  an  order  of  magnitude  lower.  The  2.7  keV  and  4.0  keV 


electron  intensities  also  increased  as  the  emission  event  progressed 


but  their  enhancement  was  more  gradual  and  somewhat  less.  Slight  en 


hancements  occurred  later  from  55  keV  to  400  keV 


At  0500  UT  where  B was  ~ 215v,  the  resonant  energy  for  whistler 

_ O 

mode  waves  near  f /2  is  2.9  keV  if  N = 10  cm  . Under  the  same 


conditions,  the  resonant  energy  for  whistler -mode  waves  near  0.6  f 


between  the  resonant  energy  required  and  the  energy  range  where  the 


greatest  enhancement  occurs  requires  N to  be  greater  than  10  cm 


N could  be  increased  by  a significant  contribution  from  the  very  low 
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energy  part  of  the  enhanced  electron  spectrum.  It  is  worthy  to  note 

that  in  the  wideband  spectrogram  in  Figure  5,  the  chorus  emissions 

above  f /2  are  more  intense  than  those  below  f /2.  This  is  consistent 

g g 

with  enhanced  cyclotron  resonant  interactions  at  the  observed  lower 
energies . 


C.  Orbit  220 , January  23,  1972 

The  VLF  emission  event  for  Orbit  220  began  shortly  after  apogee 
well  outside  the  plasmasphere  and  terminated  just  after  the  satellite 
reentered  the  plasmasphere.  The  locations  of  the  plasmapause  and  the 
observed  VLF  emission  event  are  shown  in  Figure  9*  The  final  outbound 
plasmapause  crossing  occurred  at  0U36  UT  (L  = 5-24,  MLT  = 19-6  hrs.) 
near  apogee.  Prior  to  this  time,  from  0259  UT  (4  = 4 .41,  MLT  = 17-8 
hrs.)  on,  the  outer  plasmasphere  was  rather  tenuous  and  the  static 
electric  field  instrument  was  at  or  near  saturation  much  of  the  time. 

This  detector  came  out  of  saturation  on  the  inbound  portion  of  the  orbit 
at  0627  UT  ( L = 4.52,  MLT  = 20.6  hrs.).  As  shown  in  the  wideband  spectro- 
gram in  Figure  10,  VLF  emissions  above  f of  moderate  intensity 

8 

(amplitudes  up  to  430  uV/m)  began  at  0517  UT  (L  = 5-18,  MLT  = 20.2  hrs.) 

well  outside  the  plasmapause.  Just  prior  to  this  time,  very  weak 

and  barely  discernable  emissions  above  f were  observed  intermittently 

g 

from  0448  UT  to  0518  UT.  However,  their  amplitudes  never  exceeded 
40  uv/m.  The  VLF  emissions  above  f were  present  until  the  inbound 
plasmapause  crossing  at  0627  UT.  However,  after  0548  UT  their 
amplitudes  dropped  to  40  uV/m  or  less.  Strong  chorus  emissions  having 
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the  distinctive  missing  gap  at  f ''  began  at  0550  UT  and  ended  at 

§ 

0651*  UT,  five  minutes  after  the  inbound  plasmapause  crossing. 

For  two  intervals  in  this  time  period,  05^8  UT  to  055?  UT  and 
06l8  UT  ot  06?4  UT,  the  chorus  emissions  were  absent  while  the 

electrostatic  mode  emissions  above  f continued. 

g 

As  shown  in  Figure  11,  the  electron  flux  in  the  three  lowest 
energy  channels  (1.2  keV  to  2.7  kev)  increased  abruptly  beginning 
about  0517  UT,  coincidently  with  the  onset  of  the  VLF  emissions.  The 
electron  flux  in  these  three  channels  remained  enhanced  until  the 
inbound  plasmapause  crossing.  The  presence  of  the  VLF  emissions  appears 
to  be  well  correlated  with  the  increase  in  flux  of  the  low  energy 
electrons.  There  is  no  apparent  correlation  between  the  VLF  emissions 
and  the  electron  flux  above  4.0  keV  for  this  orbit. 
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III.  VLF  EMISSION  EVENT  DURING  DECEMBER,  1971, 
GEOMAGNETIC  STORM 


The  VLF  emission  event  for  Orbit  101  occurred  during  the  main 

phase  of  a geomagnetic  storm  on  December  17,  1971,  as  shown  in 

Figure  12.  A 0-10  kHz  spectrogram  of  the  electric  field  wideband 

analog  data  from  1700  UT  to  2200  ITT  and  a 0-3  kHz  spectrogram  of  the 

magnetic  field  wideband  data  are  presented  in  Figure  13.  VLF  emissions 

above  f began  at  1717  UT  (L  = 4.45,  MLT  = 19*3  hrs.)  coincident 

with  the  outbound  plasma pause  crossing.  Electromagnetic 

chorus  emissions  with  the  missing  gap  at  f^/2  began  14  minutes 

later  at  1731  UT  (L  = 4.66,  MLT  = 19.6  hrs.).  Both  chorus  and  the 

emissions  above  f were  present  until  2150  UT,  just  prior  to  the 
6 

inbound  plasmapause  crossing  at  2155  UT  (L  = 3*00,  MLT  = 0.2  hrs.). 

Although  the  emissions  above  f and  the  chorus  emissions  disappeared 

& 

from  the  wideband  spectrograms  at  about  2115  UT  and  2145  UT, 
respectively,  when  they  exceeded  the  10  kHz  upper  cutoff  frequency, 
both  sets  of  emissions  were  present  in  the  onboard  spectrum  analyzer 
data  until  about  2150  UT.  The  locations  of  the  plasmapause  and 
the  observed  VLF  emission  events  are  shown  in  Figure  14.  From 
1800  UT  (L  = 4.98,  MLT  = 20.0  hrs.)  to  2005  UT  (L  = 5-00,  MLT  = 20.6 
hrs.)  the  chorus  emissions  only  had  wave  energy  well  below  fg/2.  For 
example,  at  1900  UT  (L  = 5*26,  MLT  = 20.8  hrs.)  near  apogee,  the 
frequency  range  of  the  chorus  emissions  was  470  Hz  to  730  Hz,  i.e., 


0.12  to  0.18  fg.  It  is  evident  from  the  wideband  spectrograms  in 

Figure  13  near  1950  UT  that  the  emissions  above  f were  predominantly 

& 

electrostatic . In  the  electric  field  spectrogram,  a narrow  band  of 
emissions  was  present  at  around  1950  UT  just  above  2.5  kHz,  the  meas- 
ured local  electron  gyrofrequency . Even  though  these  emissions 
occurred  below  the  3 kHz  upper  cutoff  frequency  of  the  search  coil, 
antennas,  no  emissions  above  f,  were  observed  in  the  magnetic  field 
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wideband  spectrogram.  Thus  we  conclude  that  the  VLF  emissions  above 

f are  electrostatic  mode  waves,  as  discussed  previously  [Maeda,  1976]. 
6 

The  directional  differential  intensities  for  90°  and  20° 
pitch  angle  electrons  for  Orbit  101  are  presented  in  Figure  15. 
Coincident  with  the  onset  of  the  VLF  emissions  at  the  outbound  plasma- 
pause  crossing  at  1717  UT,  the  intensity  of  1.8  keV  electrons  abruptly 
increased  over  two  orders  of  magnitude.  Shortly  thereafter,  similar 
enhancements  were  observed  up  through  the  6.0  keV  electron  channel. 

All  these  low  energy  electron  intensities  remained  enhanced  until 
about  2150  UT  when  the  VLF  emissions  ceased.  Less  abrupt  and  less 
intense  enhancements  occurred  near  the  outbound  plasmapause  crossing 
for  electrons  with  mean  energies  up  to  100  keV.  However,  near  the 
inbound  plasmapause  crossing,  when  the  low  energy  electron  intensities 
decreased  and  the  VLF  emissions  ceased,  the  higher  energy  electron 
intensities  remained  enhanced . The  VLF  emissions  thus  appear  to  be 
most  closely  associated  with  the  low  energy  electrons . 

When  the  chorus  emissions  began  near  1731  UT,  the  resonant 
energy  for  waves  near  fg'2  was  1.8  keV  for  N - 10  cm-^  and  B = l80y. 
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Around  1950  UT,  the  resonant  energy  for  the  observed  waves  near  f /6 

& 

was  7.0  keV  for  N = 10  cm  ■'  and  B = 9Cy.  Waves  near  f /2  for  similar 
N and  B near  2010  Uf  would  be  in  cyclotron  resonance  with  500  eV 
electrons.  As  the  satellite  continued  inbound,  the  resonance  energy, 
assuming  N = 10  cm  , would  have  continued  to  climb  to  around  200  keV 
near  L = 3.  It  appears  that  enhanced  low  energy  electrons  are  required 
for  the  VLF  emissions  to  occur.  Near  apogee  where  the  magnetic  field 
is  small,  the  low  energy  electrons  are  the  electrons  in  cyclotron 
resonance  with  chorus  emissions.  As  the  satellite  moves  inbound  and 
the  magnetic  field  increases,  higher  energy  electrons  are  in  cyclotron 
resonance  with  the  chorus  emissions.  However,  the  low  energy  electrons 
must  control  the  interaction  because  the  emissions  cease  when  the 
intensity  of  low  energy  electrons  drops  before  the  abrupt  increase 
in  number  density  at  the  plasmapause. 

As  shown  in  Figure  15,  peculiar  variations  in  the  pitch  angle 
distributions  of  high  energy  electrons  from  400  keV  down  to  55  keV 
occurred  from  about  1800  UT  to  2100  UT.  First  in  the  highest  energy 
channel  and  later  in  successively  lower  channels,  the  20°  pitch  angle 
intensities  exceeded  the  90°  pitch  angle  intensities.  And  about 
1855  UT  near  apogee,  the  overall  intensities  of  high  energy  electrons 
abruptly  increased,  first  in  the  hOO  keV  channel  and  later  in  success- 
ively lower  energy  channels.  The  electron  intensities  began  to  in- 


S- -A  which  drift  eastward  to  the  satellite.  A substorm  beginning 

about  1830  UT  is  indicated  in  the  College  magnetograms  shown  in 

Cahill  [1973].  The  time  delays  observed  here  are  consistent  with  previous 

observations  of  Williams,  et  al . [197U  . In  the  1800  UT  to  2000  UT 

time  period,  the  only  noticeable  change  in  the  VLF  emissions  was  that 

the  chorus  changed  from  having  two  bands  near  f /?  to  a single 

§ 

emission  band  near  f /•  . This  lower  wave  frequency  requires  a higher 

S 

resonance  energy,  one  at  about  7 keV  for  the  measured  B-field  and 
assumed  number  density.  The  unusual  pitch  angle  distribution  and 
abrupt  increase  in  high  energy  electron  intensities  do  not  appear  to 
affect  the  observed  VLF  emissions. 


IV.  DISCUSSION  AND  SUMMARY 


This  study  has  shown  that  magnet ospheric  VLF  emissions  with 
the  characteristics  listed  below  are  clearly  associated  with  enhanced 
intensities  of  low  energy  electrons  which  penetrate  into  the  dusk- 
midnight  sector  of  the  magnetosphere  from  the  geomagnetic  tail  during 
geomagnetic  storms  and  substorms . The  characteristics  of  the  emissions 
are  (i)  the  VLF  emissions  occur  outside  the  plasmasphere  in  the 
nightside  of  the  magnetosphere,  (ii)  The  VLF  emissions  consist  of  two 
frequency  regimes,  one  below  f and  the  other  above  f . (iii)  The 
VLF  emissions  below  f are  relatively  broadband  whistler-mode  waves 
characteristic  of  chorus  and  frequently  have  a conspicuous  band  of 

"missing  emissions"  near  f /2.  (iv)  The  emissions  above  f are 
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electrostatic  and  typically  have  components  near  If  /2.  Occasionally, 
higher  frequency  components  are  also  observed.  (v)  The  onset  of  the 
emissions  coincides  with  abrupt  increases  outside  the  plasmasphere 

Q 

(L  4)  in  1-10  keV  electron  intensities  to  the  order  of  10°  electrons 
-2  -1  -1  -1 

cm  sec  ster  keV  . Less  pronounced  enhancements  sometimes 
occur  for  electrons  with  energies  as  high  as  70  keV.  (vi)  The 
cessation  of  the  emissions  coincides  with  a drop  in  the  electron 

intensities  to  their  pre-enhancement  levels  which  are  of  the  order 
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of  10  electrons  cm  ' sec  ster  keV  or  less.  This  drop  in  low 

I 
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energy  electron  intensities  occurs  before  or  when  the  satellite  crosses 
the  plasmapause  back  into  the  plasmasphere. 

I 


Calculations  using  the  measured  static  magnetic  field  and  a 
number  density  determined  either  by  observed  plasma  frequency  noise 
band  oi’  upper  limits  set  by  the  static  electric  field  instrument 
showed  that  the  enhancements  occurred  at  energies  appropriate  for 
electrons  in  cyclotron  resonance  with  the  observed  whistler-mode  wave 
frequencies.  Little  correlation  was  observed  for  electrons  with 
energies  above  70  keV  and  the  observed  VLF  emissions. 

Tsurutani  and  Smith  [197^]  suggested  that  a possible  explana- 
tion for  the  "missing  emissions"  near  f /2  might  be  Landau  damping. 


For  electrons  in  cyclotron  resonance  with  waves  at  f = f /2,  the 
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parallel  velocity  of  the  electrons  equals  the  wave  phase  velocity 
but  the  electrons  are  moving  the  opposite  direction.  Assuming  that 
the  electrons  are  moving  along  the  field  not  bunched  and  in  both 
directions,  they  noted  that  there  would  be  electrons  also  moving  in  the 
same  direction  as  the  wave  and  with  a velocity  equal  to  the  wave  phase 
velocity.  These  electrons  will  landau  damp  the  wave  provided  they  11  ■> 
on  a portion  of  the  particle  distribution  function  that  is  decreas','v'i~ 
with  energy. 

Another  possible  explanation  for  the  missing  emission  band 


that  considers  separate  sources  for  the  f < f /2  and  f > f /2  has 
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been  proposed  by  Maeda  et  al.  [1976].  They  suggest  that  the  f > f/2 
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emissions  are  generated  locally  near  the  sat  ellite  while  the  f < f /2 
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emissions  are  generated  in  a similar  way  but  slightly  outside  the 
observing  location  where  the  local  electron  gyrofrequency  would  be 
lower.  When  these  lower  frequency  emissions  ultimately  propagate 
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their  upper  frequency 


to  the  observing  location  via  the  ducted  mode 


cutoff  will  be  one  half  the  equatorial  gyrofrequency  of  the  observing 


static  emissions  tended  to  occur  coincident  with  the  enhancement  of 


the  low  energy  electron  intensities.  However,  on  a microscopic  scale 


the  presence  of  one  type  of  noise  tended  to  quench  the  other  type 


For  example  on  orbit  214  from  0510 


o 0525  0T  in  Figures  5 and  7 the 


chorus  bursts  occurred  when  the  f > f amplitudes  decreased  and  chorus 


was  absent  when  the  strongest  f > f emissions  occurred.  This  quenching 


effect  was  evident  in  the  wideband  spectrograms  in  Figures  2 and  10 


also.  However,  some  of  the  apparent  quenching  could  have  been  due  to 


the  AGO  of  the  wideband  receiver . The  amplitude  at  one  frequency  would 


appear  weaker  if  a stronger  signal  at  a different  frequency  occurred 


and  controlled  the  receiver  AGO.  For  Orbit  2l4  we  were  able  to  verify 


the  quenching  because  it  was  also  evident  in  the  digital  data.  This 


not  usually  possible  or  reliable  unless  the  quenching 


effects  are  present  for  several  sampling  periods  of  the  digital  data 


The  interaction  between  the  chorus  and  the  electrostatic  waves  with  f > 


f will  also  be  studied  in  future  research 


On  a given  orbit , the  chorus  amplitudes  tended  to  peak  near 


where  the  maximum  intensity  of  resonant  electrons  occurred.  For 

instance  on  Orbit  220  the  chorus  amplitudes  peaked  at  about  12.5  mV/ra 

about  0555  UT,  approximately  the  same  time  that  the  flux  of  1.8  keV 
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electrons  peaked  at  7.0  x 10'  (cm  sec  ster)  and  the  flux  of  2.7  keV 


7 2 -1 

electrons  peaked  at  4.3  X 10  (cm  sec  ster)  . Similarly  on  Orbit  2l4 
the  chorus  amplitudes  peaked  at  about  160  uV/m  when  the  flux  of  4 keV 
electrons  peaked  at  about  1.0  X 10  (cm  sec  ster)  . On  Orbit  220  the 

f > f emissions  had  peak  amplitudes  of  about  350  yV/m  around  0530  UT 

% 

when  the  lowest  energy  electrons  (1.2  keV)  had  a peak  flux  of  1.0  X 

8 2 1 

10  (cm^  sec  ster)  . However,  for  Orbit  2l4  the  f > f emissions  had 

& 

peak  amplitudes  up  to  1.4  ir.V/m  but  the  low  energy  electrons  had  peak 

fluxes  of  about  4.8  and  7.2  X 10~^  (cnT  sec  ster)"1  for  the  1.2  keV  and 

1.8  keV  channels,  slightly  less  than  for  Orbit  220.  Quite  possibly 

the  f > f emission  amplitudes  might  be  controlled  by  the  electron 

spectrum  below  the  lowest  energy  that  could  be  measured  on  S^-A. 

To  further  test  the  plausibility  of  the  low  energy  electrons 

interacting  with  the  chorus  via  cyclotron  resonance  interactions  we 

examined  the  relationship  of  the  upper  cutoff  frequency  of  the  chorus 

and  anisotropy  of  the  enhanced  low  energy  electrons.  For  cyclotron 

f 1 

resonance,  the  growth  rate  is  proportional  to  a term  \A  - f T-f  ][J 

6 

[Kennel  and  Petschek,  1966]  where  A is  a measure  of  the  pitch  angle 


anisotropy.  From  this  expression  we  see  that  the  growth  rate  goes  to 
1 

Lg/*c" 


zero  at  A = -s—r- — y , where  f is  the  upper  cutoff  frequency.  For 
1g/1c_i  c 


the  cases  we  have  examined  in  this  study,  f„  varied  from  about  0.55  f 

c g 

to  0.66  f . This  corresponds  to  anisotropies  of  1.22  to  1.94.  The 

o 

pitch  angle  plots  of  the  resonant  low  energy  electrons  during  periods  of 

enhancement  typically  showed  that  the  electron  intensity  varied  from 
2 4 

about  sin  a to  sin  a where  a is  the  pitch  angle.  This  indicates  A 


ranges  from  1 to  2 since  for  a pitch  angle  distribution  proportional  to 


•I 
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sinDVv,  A = m/2.  Occasionally  the  low  energy  electrons  displayed  pitch 

angle  distributions  proportional  to  sin  ot.  The  typical  pitch  angle 

• • l/2 

distributions  for  the  higher  energy  electrons  varied  from  sin  ' a 

to  sin  a during  the  VLF  emission  events  discussed  in  this  study. 

Kennel  and  Petschek  [1966]  calculated  the  maximum  stably  trapped 

omnidirectional  flux,  J*,  for  electrons  above  the  resonance  energy,  ER, 

in  steady-state  weak  diffusion  to  be  (within  a factor  of  about  3) 


J*  ( >Er)  z 


Y • 3 X 1010  (cm2  sec)-1 

Li 


where  B is  the  equatorial  field  strength  in  Gauss.  For  f = f /2, 

§ 

A = 3/2,  B = .002  Gauss,  L = 5 and  N = 10  cm  ~ 2.5  keV  and 

n p - 1 

J*  ( > 2.5  keV)  s»  1.2  x 10  (cm  sec)  . The  low  energy  electron 

fluxes  we  observe  during  the  VLF  emission  events  are  well  above  this 

level.  However,  as  A approaches  1,  the  stably  trapped  flux  limit 

increases  dramatically.  Near  A = 1.1  the  stably  trapped  flux  limit  is 

comparable  to  the  low  energy  electron  flux  we  have  observed.  Had  the 

fluxes  been  less  or  had  the  anisotropies  been  smaller,  we  probably 

would  not  have  observed  chorus  emissions. 

Kennel  et  al.  [1970]  calculated  that  the  pitch  angle  diffusion 

eE  2 

coefficient,  D , associated  with  an  electric  field,  E to  be  m ( — ) 

’ or  mv 

~ where  v is  the  particle  velocity  and  e and  m are  the  charge  and  mass 
of  electron.  For  2 keV  electrons  and  a 1 mV/m  electric  field,  D& 

1q2 

~ — . For  processes  localized  near  the  equator,  Kennel  et  al.  [1970] 


« 


estimated  that  the  electron  encountered  the  wave  electric  field  about 


lio  of  the  time.  Thus  the  over-all  diffusion  coefficient  for  a 1 mV/m 

1 2-1 

electric  field  is  ~ (rad)  sec  . In  the  examples  we  have 

discussed,  f was  typically  around  5 kHz.  Thus  the  diffusion  coefficients 

8 

would  be  4 X 10‘U  (rad)"  sec'1  and  1.3  X 10-i+  (rad)"  sec"1  for  f /2 

O 

and  3 f /2  waves,  respectively,  with  1 mV/m  amplitudes.  Scarf  et  al. 

o 

_ o 2 -1 

[1973]  loosely  define  strong  diffusion  to  be  above  10  J (rad)  sec 
Our  calculations  show  that  the  observed  1 mV/m  waves  are  around  one 
half  to  one  order  of  magnitude  below  that  level.  These  calculations 
admittedly  are  fairly  crude  because  of  the  assumptions  on  which  they 
are  based.  However,  the  weaker  waves  with  amplitudes  of  a few  hundred 
V/m  i..ost  probably  re  in  the  weak  diffusion  regime. 

Fredricks  1 71]  using  a "ring"  distribution  showed  that  elec- 
trostatic fluctuations  in  the  magnetosphere  near  (n  + 1/2  )fr  could  be 

S 

produced  by  a peak  in  the  perpendicular  velocity  distribution  of  the 
ambient  electrons.  Young  et  al.  [1973]  theoretically  analyzed  the 
generation  of  electrostatic  waves  in  the  magnetosphere  using  a more 
realistic  distribution  containing  both  a cold  and  warm  species  of 
electrons.  They  found  the  observed  electrostatic  spectra  could  be 
produced  if  the  warm  component  had  a non-zero  peak  in  the  perpendicular 
velocity  distribution,  if  the  density  of  the  cold  component  was  greater 
than  about  1 t of  the  warm  and  for  high  density  regions  if  the  cold  to 
warm  temperature  ratio  was  not  less  than  0.1.  Using  differential  energy 
flux  lata  from  De  Forest  and  Mcllwain  [1971]  from  the  geostationary 
ATo  5 satellite,  Your..'  et  a 1 . [1973]  showed  that  a non-zero  peak  did 
exist  in  the  < rp  - llcul&r  I stfcy  distribution  for  electrons  with 


V lU5w  _ 


xraM*. 3 
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energy  around  100  eV.  Schieid  and  Frank  [1970]  showed  that  at  the 
inner  edge  of  the  plasma  sheet  around  local  midnight  and  near  the 
equator  there  existed  a peak  in  the  differential  energy  spectra  for 
electrons  with  energy  of  about  1 keV.  Although  we  did  not  observe  a 
peak  in  the  low  energy  electron  perpendicular  velocity  distribii  ion 
associated  with  the  electrostatic  waves,  the  previous  observations  in- 
dicate such  a peak  probably  existed  for  electrons  less  than  the  1 keV 
minimum  energy  level  that  we  could  detect. 
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FIGURE  CAPTIONS 


Figure  1 Hourly  values  of  the  equatorial  Dst  (in  v)  for  the 
period  from  1200  UT  on  January  21,  1972.  to  1200  UT 
on  January  26,  1972,  [Sugiura  and  Poros,  19731- 
The  three  shaded  marks  on  the  zero-line  indicate  the 
duration  of  the  VLF  emissions  as  observed  by  the  S -A 
satellite  during  the  orbits  indicated. 

Figure  2 A 0-10  kHz  electric  field  wideband  spectrogram  of  data 

observed  by  the  S -A  satellite  during  Orbit  211  on 

January  22,  1972.  The  whistler  mode  emissions  with  the 

conspicuous  band  of  missing  emissions  near  f /2  begin 

about  070^  UT  with  frequencies  from  2 to  3 kHz  and 

cease  about  0831  UT.  The  higher  frequency  electrostatic 

emissions  (f  > f ) begin  about  0710  UT  and  cease  about 
& 

0822  UT.  The  total  duration  of  the  enhanced  low  energy 
electron  flux  is  indicated  at  the  top  of  the  spectrogram. 

Figure  3 Variations  of  directional  differential  electron  intensi- 

-2  -1  -1  -1 

ties  (cm  sec  " ster  keV  ) during  the  VLF-emission 
event  on  January  22,  1972.  Gmail  x's  and  closed  circles 
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Figure  4 


correspond  to  the  intensities  with  pitch  angles  near  $>0° 
(78-90°)  and  the  smallest  observed  pitch  angles  (22-34"), 
respectively.  The  time  intervals  indicated  by  horizontal 
hatched  lines  correspond  to  the  periods  when  the  VLF 
emissions  are  observed,  and  those  of  the  shaded  portions 
correspond  to  the  inside  of  the  plasmasphere . The  mean 
energies  of  the  electrons  corresponding  to  each  curve 
are  from  the  bottom  1.2,  1.8,  2.7,  4.0,  6.0,  9-2,  13-5, 
25.6,  55,  100,  l8o,  and  400  keV,  respectively.  The 
measurements  from  1.2  - 25.6  keV  are  made  by  a cylindrical 
electrostatic  analyzer-channel  electron  multiplier  system 
and  the  measurements  from  55  - 400  keV  are  made  with  a 
solid  state  electron  detector. 

Orbit  211  of  the  s3-A  satellite.  The  hatched  section 
along  the  orbit  corresponds  to  the  location  where  the 
VLF  emissions  are  observed.  The  domain  shaded  in  gray 
indicates  the  probable  configuration  of  the  evening  plas- 
masphere. The  satellite  exited  the  plasmasphere  at 
0514  UT  (L  = 4.19  and  18.0  hrs.  MLT)  and  re-entered  the 
plasmasphere  at  0903  UT  (L  = 4.26  and  21.9  hrs.  MLT)  as 
determined  by  the  saturation  of  the  onboard  static  elec- 
tric field  instrument.  From  0658  to  0718  UT  the  satellite 
passed  through  several  very  narrow  regions  of  plasma  with 


densities  comparable  to  the  plasmasphere. 


Figure  5 


A 0-10  kHz  spectrogram  of  the  electric  field  wideband 


Figure  6 


data  for  Orbit  214  on  January  23,  1972.  The  whistler- 
mode chorus  emissions  with  the  sharp  missing  band  begin 
just  outside  the  outbound  plasmapause  crossing  at  0424  UT 
and  remain  for  about  one  hour.  They  begin  again  about 
0?4l  ' . and  are  present  most  of  the  time  until  the  inbound 
plasmapau-  ■ crossing  at  0052  UT.  The  wideband  data  end 
at  084  . u?  because  that  is  when  the  special  purpose 
wideband  transmitter  was  turned  off.  The  electrostatic 
emissions  above  f first  appear  at  0431  UT  and  are 
evident  until  0815  UT  when  they  disappear  because  they 
are  above  the  10  kHz  upper  cut-off  frequency  of  the  wide- 
band receiver.  On  this  record,  the  most  intense  bands 
are  near  3fg/2  but  some  of  the  electrostatic  emissions 
extend  almost  as  low  as  f . For  example,  near  0700  UT 
the  lower  cut-off  of  the  emissions  is  about  4.8  kHz  and 
the  measured  local  electron  gyrofrequency  is  4.7  kHz. 

Orbit  214  of  the  SJ-A  satellite.  The  hatched  area  along 
the  orbit  shows  the  location  of  the  VLF  emissions  and 
the  shaded  domain  indicates  the  evening  plasmasphere . 

The  plasmapause  between  the  two  orbit  crossings  is  simply 
interpolated.  VLF  emissions  begin  shortly  after  the 
outbound  plasmapause  crossing  at  0424  UT  !L  = 4.17,  MLT  = 
17.8  hrs.)  and  remain  until  the  inbound  plasmapause 
crossing  at  0852  LIT  (L  = 3-52,  MLT  = 22.5  hrs.). 


A plot  of  the  digital  output  from  the  l6  channel  onboard 
spectrum  analyzer  for  Orbit  2lU.  The  bottom  channel 


is  wideband  and  covers  the  frequency  range  from  0.1  to 


10.0  kHz  and  the  remaining  15  narrowband  channels  have 


center  frequencies  from  35  Hz  to  100  kHz.  The  output  of 


each  channel  is  approximately  logarithmically  proportional 


to  the  measured  amplitude.  The  vertical  lines  represent 


the  average  amplitude  measured  over  6t  second  intervals 


of  time  and  the  dots  are  peak  amplitudes  over  the  same 


time  period.  The  baseline  for  each  channel  is  about 


the  plasma  pause  locations.  The  dashed  lines  labeled 


f and  2f  inaicate  the  location  of  the  first  and  second 


harmonics  of  the  electron  gyrofrequency . The  dashed  line 


labeled  f indicates  the  location  of  the  electron  plasma 


frequency.  Not  that  nea’.1  'pogee,  the  electrostatic  noise 


extends  as  high  as  31.1  k:h  which  corresponds  to 


Figure  8 


I irectional  differential  electron  intensities 


on  ■ anuary  3.  1972.  Notations  and  energies  of  each 


curve  are  the  same  as  those  in  Figure  3.  The  VLF-emission 


event  and  the  low  energy  electron  enhancement  begin  and 


end  nearly  coincident  with  the  outbound  and  inbound 


plasmapause  crossings,  respectively 


Figure  9 Orbit  220  of  the  S -A  satellite.  The  hatched  area  along 


the  orbit  shows  the  location  of  the  VLF  emissions.  The 


shaded  area  indicates  the  equatorial  cross-section  of 


the  evening  plasmasphere.  The  final  outbound  plasma 


hrs.).  Prior  to  this  time,  from  0259  UT  (L  = 4. hi 


MLT  = 17.8  hrs.)  on,  the  outer  plasmasphere  is  rather 


tenuous.  The  inbound  plasmapause  crossing  is  at 


sxons 


are  observed  from  0517  UT  until  0632  UT 


Figure  10  A 0-10  kHz  spectrogram  of  the  electric  field  wideband 


data  for  Orbit  220  on  January  25.  1972.  Moderately 


intense  electrostatic  emissions  above  f begin  at 


0517  UT.  Strong  chorus  emissions  having  the  distinctive 


shown  at  the  top  of  the  spectrogram,  the  enhanced 


low  energy  electron  flux  occurrence  is  nearly 


coincident  with  the  presence  of  the  VLF  emissions 


The  location  of  the  apogee  and  the  outbound  and  inbound 


plasmapause  crossings  are  indicated  oy  arrows  at  the 


bottom  of  the  spectrogram 
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Figure  11  Directional  differential  electron  intensities 

(cm  sec  ‘'"ster  '\eV  ~1)  during  the  VLF-emission  event 
on  January  5,  1972.  Notations  and  energies  of  each 
curve  are  the  same  as  those  in  Figure  3 and  8.  Note 
that  the  abrupt  increase  in  low  energy  (1.2-2. 7 keV) 
electron  flux  and  the  coincident  onset  of  VLF  emissions 
occur  about  40  minutes  after  the  outbound  plasmapause 
crossing. 

Figure  12  Hourly  values  of  the  equatorial  Dst  (in  y)  for  the 

period  from  December  16  to  December  21,  1971.  [Sugiura 
and  Poros.  19751.  The  shaded  mark  on  the  zero-line 

indicates  the  time  of  the  VLF-emission  event  observed 

3 

by  the  S'  -A  satellite  on  Orbit  101  during  the  main 
phase  of  the  December  17,  1971  geomagnetic  storm. 

Figure  13  Magnetic  and  electric  field  wideband  spectrograms  from 

1700  UT  to  ’200  UT  on  December  17,  1971.  The  top  record 
of  each  set  contains  the  0-5  kHz  magnetic  field  wideband 
data  from  the  search  coil  experiment . The  lower  record 
in  each  set  contains  the  0-10  kHz  electric  field 
wideband  data.  Electrostatic  VLF  emissions  above  f 
begin  at  the  outbound  plasmapause  crossing  at  1717  UT 
and  last  until  they  exceed  the  10  kHz  upper  cutoff 
frequency  of  the  electric  field  wideband  data  about 


Figure  lh 


2 115  UT.  That  these  emissions  are  electrostatic  can 
be  seen  in  the  data  around  1950  UT  where  f is  ~ 2.5  kHz. 

O 

Emissions  between  2.5  and  -.  kHz  are  observed  in  the 
electric  field  wideband  d a ta  but  none  are  present  in 
the  magnetic  field  wideband  data.  Electromagnetic 
chorus  emissions  with  the  missing  gap  at  fg/2  begin 
at  1731  UT  and  are  present  until  they  exceed  the  upper 
cutoff  frequencies  of  the  wide:  .nd  receivers.  In  the 
onboard  spectrum  analyser  data,  both  the  emissions  above 

and  below  f . are  present  until  2150  UT.  The  VLF  emissions 

8 

were  coincident  with  the  enhancement  of  the  low  energy 
electron  flux  from  1717  UT  to  2150  UT. 


Orbit  101  of  the  S^-A  satellite.  The  hatched  area  along 
the  orbit  shows  the  location  of  the  VLF  emissions.  The 
shaded  area  indicates  the  equatorial  cross-section  of  the 
evening  plasmasphere.  The  final  sharp  outbound  plasmapause 
crossing  is  at  1717  UT,  coincident  with  the  onset  of  the 
VLF  emissions  and  the  enhancement  of  the  low  energy 
electron  flux.  The  inbound  plasmapause  crossing  at 
2155  UT  occurs  just  after  the  VLF  emissions  cease  and 
the  low  energy  electron  enhancement  stops.  The  plasma- 
sphere  is  severely  contracted  as  a result  of  the  strong 
geomagnetic  storm  occurring. 
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Figure  15  Directional  differential  electron  intensities  fern  sec 
ster  " keV  during  the  VLF-emission  event  on 
December  17,  1971.  Notations  are  the  same  as  those 
for  Figures  5.  8,  and  11.  The  onset  and  the  end  of  the 
low  energy  electron  enhancement  coincide  with  the  onset 
and  end  of  the  VLF  emissions.  The  higher  energy  particles 
injected  beginning  about  1^55  UT  and  the  unusual  pitch 
angle  distrib  tions  for  the  higher  energy  particles  from 
1800  to  V100  . appear  to  have  little  relation  to  the 

observed  VLF  eodssions.  The  mean  energies  of  the  electrons 
corresponding  to  each  curve  are  from  the  bottom  1.8, 

2.7,  4.0,  ' .0.  55.  100.  180,  and  400  keV.  respectively. 
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